Rare intermittent pulsars pose some of the most challenging questions surrounding the pulsar emission mechanism, but typically have relatively minimal low-frequency ( 300 MHz) coverage. We present the first low-frequency detection of the intermittent pulsar J1107-5907 with the Murchison Widefield Array (MWA) at 154 MHz and the simultaneous detection from the recently upgraded Molonglo Observatory Synthesis Telescope (UTMOST) at 835 MHz, as part of an on-going observing campaign. During a 30 minute simultaneous observation, we detected the pulsar in its bright emission state for approximately 15 minutes, where 86 and 283 pulses were detected above a signal-to-noise threshold of 6 with the MWA and UTMOST, respectively. Of the detected pulses, 51 had counterparts at both frequencies and exhibited steep spectral indices for both the bright main pulse component and the precursor component. We find that the bright state pulse energy distribution is best parameterized by a log-normal distribution at both frequencies, contrary to previous results that suggested a power law distribution. Further low-frequency observations are required in order to explore in detail aspects such as pulse-to-pulse variability and intensity modulations, as well as to better constrain the signal propagation effects due to the interstellar medium and intermittency characteristics at these frequencies. The spectral index, extended profile emission covering a large fraction of pulse longitude, and the broadband intermittency of PSR J1107-5907 suggest that future low-frequency pulsar searches-for instance those planned with SKA-Low-will be in an excellent position to find and investigate new pulsars of this type.
INTRODUCTION
Pulsars that only emit occasionally are not only difficult to detect, but pose a fundamental challenge to understanding pulsar emission physics. The duty cycle and timescales vary drastically for the pulsar population subclasses and individual pulsars within them, from seconds to minutes (i.e. nulling, Backer 1970 ), hours to days (i.e. Rotating Radio Transients, RRATs, McLaughlin et al. 2006) , and in the most extreme cases, months or years (i.e. intermittent pulsars, Kramer et al. 2006) . How the pulsar magnetospheric configuration changes so severely as to halt emission on short timescales (suddenly within a few rotations of the neutron star) is unclear, even when excluding the added complexity of the wide variety of timescales on which these state-switching phenomena occur.
The geometry of a pulsar is thought to play a significant role in governing the salient properties of its radio emission. It has been shown, for example, that there is a strong correlation between the "intermittency" of a pulsar and the alignment of the magnetic and spin axes (Cordes & Shannon 2008 ). There are myriad models for sporadic radio emission from pulsars to explain phenomena such as nulling or RRATs, including: magnetospheric plasma properties, particle supply, and acceleration region evolution (e.g. Timokhin 2010; Li et al. 2012; Melrose & Yuen 2014; Szary et al. 2015) , interstellar dust interactions with currents within the magnetosphere (Cheng 1985) , and mechanisms such as circumpulsar plasma disks (Michel & Dessler 1981) or asteroidal debris (Cordes & Shannon 2008; Mottez et al. 2013) . Others suggest that, in some systems, the intermittency is related to free precession (Akgün et al. 2006; Jones 2012) , or is a chaotic process (e.g. Seymour & Lorimer 2013) . Notably, sporadic emission from pulsars is also thought to be a broadband phenomenon based on contemporaneous high-energy and radio observations. An example of this broadband nature is the observed mode changing (i.e. where the profile and pulsar spin properties change significantly and abruptly, Lyne et al. 2010 ) of PSRs B0943+10 (Hermsen et al. 2013; Mereghetti et al. 2016 ) and B0823+26 (Hermsen et al. 2018 ) in contemporaneous radio and X-ray data. There is no consensus regarding which model is favored, and testing these hypotheses is notoriously difficult-only now becoming possible with the next generation of space and groundbased telescopes.
There are five confirmed examples of intermittent pulsars in the literature: PSRs J1107-5907 O'Brien et al. 2006; Young et al. 2014; Hobbs et al. 2016) , J1717-4054 (B1713-40, Johnston et al. 1992 ; Kerr et al. 2014) , J1832+0029 , J1841-0500 (Camilo et al. 2012) , and J1933+2421 (B1931+24, Stokes et al. 1985; Kramer et al. 2006; Rea et al. 2008; Young et al. 2013) . Most of these pulsars were discovered well before being classified as intermittent, implying that it is quite possible that there are other examples of this kind of sporadic behavior in the > 2600 known pulsars in the ATNF Pulsar Catalogue 1 (Manchester et al. 2005) . It also follows that there could be many intermittent pulsars that have been missed in pulsar surveys, thus biasing the known pulsar populations. Intermittent pulsars have been recognized as a population relatively recently, and thus are not particularly well-studied, other than perhaps the prototypical example of J1933+2421. The physics governing the emission behavior of these pulsars is likely closely linked to the same mechanisms responsible for nulling, the RRAT phenomenon (e.g. Young et al. 2014 ) and possibly mode-changing. In all cases, the frequency coverage over which intermittent pulsars have been observed is relatively small and does not include any low-frequency information (i.e. 300 MHz). Low frequencies are thought to probe substantially different regions of the pulsar magnetosphere, provide improved constraints on the shape of the pulsar emission spectrum, and allow us to sample frequency dependent intermittency rates (e.g. McLaughlin & Cordes 2003; Deneva et al. 2009 ), particularly if observed regularly and simultaneously over a wide frequency range.
PSR J1107-5907 is a relatively old (≈ 440 Myr) and isolated pulsar discovered in the Parkes Multibeam Pulsar Survey (PMPS; Manchester et al. 2001; Lorimer et al. 2006) , with a period of P ≈ 0.253 s and a moderate cataloged dispersion measure of 40.2±1.1 pc cm −3 . It is the brightest and one of the most active (in terms of its "off" timescale being relatively small for frequencies ≥ 700 MHz) of the intermittent pulsar population (see, e.g., Figure 10 of Hobbs et al. 2016) . The pulsar was investigated after its discovery by O'Brien et al. (2006) , who identified three distinct emission states: a bright state with a wide profile, a weak state with a narrow profile, and an "off" state. Young et al. (2014) used Parkes monitoring data collected over a decade to further explore the properties of each of the emission states, finding that the bright state has a complex temporal structure, with a relatively wide main pulse and lower-level emission across a large fraction of the pulsar rotation. The weak state exhibited almost exclusively single-pulse events (though these were analyzed by creating subintegrations) without any particular phase localization and showed an extreme level of nulling. The "off" state consists of no observable emission, though this can be difficult to disentangle from the weak emission state. Polarization analysis of the Parkes data also revealed that PSR J1107-5907 is consistent with being a nearly aligned rotator, which is reinforced by both its broad emission profile and large characteristic age (Rankin 1990; Tauris & Manchester 1998; Weltevrede & Johnston 2008; Young et al. 2010) .
Typically, PSR J1107-5907 switches between bright and weak (or "off") states on a timescale of hours that is atypical for what would be considered normal nulling behavior, which typically occurs on timescales of 100P (Wang et al. 2007 ). Analysis from both Young et al. (2014) and Hobbs et al. (2016) show that, in general, the duration of a typical bright state is 1-45 minutes, while the fraction of time during which PSR J1107-5907 is actually detected in the bright state versus the observing duration (i.e. its "bright-state duty cycle") is δ ∼ 5-8%. Compared to the other intermittent pulsars, which exhibit "off" times scales between ∼ 1-10 4 hr, PSR J1107-5907 is the second-most active intermittent pulsar (after PSR J1717-4054), but still poses a significant observational challenge.
In this paper, we present an analysis of simultaneous observations of PSR J1107-5907 with the Murchison Widefield Array (MWA; Tingay et al. 2013 ) and the recently upgraded Molonglo Observatory Synthesis Telescope (UTMOST; Bailes et al. 2017 ). The MWA is a low-frequency (70-300 MHz) Square Kilometre Array precursor telescope located in Western Australia at the Murchison Radioastronomy Observatory. We used the high time resolution Voltage Capture System (VCS; Tremblay et al. 2015) to record the low-frequency data. UTMOST monitors many pulsars on a regular basis and has proven to be a capable detector of Fast Radio Bursts (e.g. Caleb et al. 2017; Farah et al. 2018) . We used UTMOST to record the higher-frequency (835 MHz) data. In Section 2, we describe the observations, postprocessing and flux density calibration. We present our results and discuss them in Section 3. Low-frequency detection prospects are discussed in Section 4, and we present our summary and conclusions in Section 5. Throughout, we define the spectral index α as S ν ∝ ν α , S ν as the flux density at frequency ν, and F ν = S ν dt as the fluence at frequency ν, which acts as a proxy to the pulse energy.
OBSERVATIONS AND DATA PROCESSING
In 2017 April, we began an observing campaign with the MWA and UTMOST to simultaneously observe PSR J1107-5907. This amounted to 10 contemporaneous observations over a period of six months, during which not only did the MWA change configurations, but UTMOST also converted into a transit instrument. These observations were facilitated by the real-time processing capabilities of UTMOST and the triggering capability (newly developed in the case of the MWA, see Section 2.2.1) of both instruments. For all but one observation, personnel at both instruments were required to monitor the telescopes for the duration of the observing runs (typically ∼ 30-40 minutes), and in the case of the MWA, trigger data recording to mitigate storage concerns (see Section 2.2). The initial observing runs were before UT-MOST was converted into a transiting telescope; thus on 2017 April 26 (MJD 57869), we observed PSR J1107-5907 for ∼ 5 minutes every 30 minutes for a total of 8 times with UTMOST. Monitoring was not possible on 2017 September 3 (MJD 57999), so a standard pulsar observation was scheduled on the MWA to coincide with when the pulsar would be transiting UTMOST. The final observation of the campaign was conducted on 2017 December 2. An overview of the observations can be found in Table 1. On 2017 September 3, the MWA VCS recorded ≈ 1.4 hr of data at a central frequency 154.24 MHz with a bandwidth of 30.72 MHz, and UTMOST recorded ≈ 0.5 hr of data at a central frequency 835.59 MHz with 31.25 MHz bandwidth as the target transited. This observation is the primary focus of this work. Observation details of the bright state detection are summarized in Table 2 .
UTMOST
The Molonglo Observatory Synthesis Telescope (Mills 1981; Large et al. 1994) has recently been refurbished in the UTMOST project . It now operates in a 31.25 MHz band at 835 MHz, with a single circular polarization (PSR/IEEE right-hand circular; see van Straten et al. (2010) ), with 512 narrow (≈ 46 arcsec) fanbeams tiling a wide (4.25 × 2.8 deg) field of view. Since 2017 June/July, the telescope has been operating as a transiting instrument only, in order to reduce the stress placed on the mechanical phasing mechanism during the large number of daily pointings in the pulsar timing program, which previously made maintenance infeasible. This strategy has proved very effective, with an approximate doubling of the sensitivity, and very significant improvements in the phase and sensitivity stability of the telescope over time.
PSR J1107-5907 was typically observed for approximately 30 minutes around the meridian transit of the source. At its decl., the source transits the ∼ 4
• primary beamwidth in 31 minutes. The UTMOST real-time pulse detection system, which runs Heimdall 2 , reports pulse candidates with a signal-to-noise ratio S/N > 10 while operating. Additionally, UTMOST is able to produce coherently de-dispersed pulses from voltages and fold the pulsar time series in real time, allowing alerts to be transmitted within 60 s regarding whether the source is active or if there have been single-pulse events.
The UTMOST backend writes SIGPROC 3 filterbank format files to disk with 327 µs time resolution resolution for 320 frequency channels at a frequency resolution of 98 kHz. In normal operations, these are decimated to 655 µs and 40×0.78 MHz channels before being archived, but the decimation process was interrupted for the majority of observations and the high-resolution data were recorded. After the bright-state detection in September, the pre-decimation data were not retrieved, so we instead used the coarser-resolution data. For all observations of PSR J1107-5907 (excluding 2017 April 22), the data were incoherently de-dispersed and subdivided into single-pulse data files ("archives") using the dspsr pulsar data processing software (van Straten & Bailes 2011).
Flux density calibration
UTMOST consists of 352 telescope elements ("modules"), which have performance variations with time. As part of regular operations, the performance of each module is tracked when phase and delay calibration is performed (typically daily), allowing estimates of the overall system performance from day to day. Additionally, the overall system equivalent flux density (SEFD) is calculated by using a set of 10 well-calibrated, nominally unpolarized pulsars (including PSR J1644-4559) with accurate flux densities at 843 MHz, as determined by Jankowski et al. (2018) . The full set of calibrator pulsars is typically observed over the course of a few weeks (F. Jankowski et al. submitted; V. V. Krishnan et al. in prep.) . These approaches are independent means for the long-term performance of the system to be monitored. At the time of the primary bright state detection of PSR J1107-5907 in this paper (2017 September), the SEFD of UTMOST is estimated to be ∼ 120 Jy with an uncertainty of ∼ 50%. The MWA was originally composed of 128 tiles distributed with a maximum baseline of ∼ 3 km (Tingay et al. 2013) , nominally referred to as MWA Phase I. MWA Phase II, which began operations in early 2017, includes an additional 128 tiles: 76 in two redundant hexagonal ("Hex") configurations near the array core, and the remaining 52 tiles spread out to provide maximum baselines of ∼ 6 km (Wayth et al. 2018) . However, the MWA signal processing chain is currently only able to ingest data from 128 tiles at a time. The Phase II MWA is therefore periodically reconfigured into either a compact configuration, where the "Hex" tiles are connected with the core of the array, out to ∼ 300 m from the array center, or an extended configuration, where the long baseline tiles and some fraction of the core (excluding the "Hex" tiles) are connected. All data examined in this campaign were collected in Phase II of the MWA in both the compact and extended configurations. Each tile consists of 16 evenly spaced dipole antennas in a regular 4 m×4 m grid. The MWA can record 30.72 MHz instantaneous bandwidth and observes in the frequency range 70-300 MHz.
MWA
The VCS provides the high time and frequency resolution observing mode for the MWA, capable of capturing the tile voltages after the polyphase filterbank channelization stage within the standard MWA signal processing pipeline (see Tremblay et al. 2015) . This allows us to record critically sampled complex voltage streams from each tile (at 100 µs time resolution, 10 kHz frequency resolution) from each of the 24×1.28 MHz "coarse" channels to on-site disks at a data rate of ∼ 28 TB hr −1 . For all of our observations, we observed with a contiguous 30.72 MHz bandwidth (i.e. all 24 coarse channels are adjacent) at a center frequency of 154.24 MHz.
Buffered VCS recording
One of the difficult aspects of observing this pulsar with the MWA is the inherent limitation to the amount of data we can record at any time (storage capacity is reached after ≈ 100 minutes). To mitigate this, we observed the pulsar with the VCS in a bespoke buffer mode (P. Hancock et al. in prep.) , where rather than writing data to disk, the voltages are kept in memory for as long as possible. When we receive a trigger from UTMOST that the pulsar was either in its bright state or emitting single pulses, we dump those voltages in memory onto the disks while continuing to record new data. This effectively gives the VCS the ability to record voltages from approximately three minutes prior to the actual trigger time. The buffered VCS mode is still under development, but we were able to use an early version of this recording mode between 2017 April-December, al-beit with significant human interaction (triggers from UTMOST were sent manually and the VCS recording also needed to be started and stopped manually). Using this prototype stage of buffered recording, we triggered voltage capture in three instances (out of 10 observations) when UTMOST detected single pulses from PSR J1107-5907 (see Table 1 ).
For the observation on 2017 September 3, when the pulsar was in its bright state, we were not operating in this buffer mode and had scheduled a "normal" VCS observation (1.5 hr) to begin recording ∼1 minute before the target entered the UTMOST beam. Regardless of the VCS recording mode, the captured voltages are in the same format and thus need to be post-processed and calibrated using the standard pipeline.
Tied-array beamforming
For the MWA-VCS, a tied-array (or coherent) beam is formed in post-processing by summing the individual tile voltages in phase and then detecting the power (see e.g. Bhat et al. 2016; Meyers et al. 2017; S. Ord et al. submitted) . This reduces the field of view to approximately the synthesized beam of the telescope (∼ 1 arcmin in the extended configuration and ∼ 20 arcmin in the compact configuration at 200 MHz), but grants a significant improvement in S/N over that provided by the incoherent sum (i.e. summing the tile powers directly). While the incoherent sum theoretically affords a sensitivity boost of √ N tiles , where N tiles is the number of tiles use to create the sum, the coherent beam increases the theoretical sensitivity by approximately √ N tiles again. A tied-array beam is created by an offline postprocessing pipeline implemented at the Pawsey Supercomputing Centre 4 on the Galaxy cluster. The pipeline involves combining individual tile responses, cable and geometric delays, and complex gain information for each tile, per frequency channel, based on calibration solutions from the Real Time System (RTS; Mitchell et al. 2008 ). In the case of the bright-state detections, the calibration model was produced from an observation of Pictor A (PKS 0518-45), approximately 4 hr before the start of the observation. After the recent reconfiguration of the MWA, data from 38 of the 128 tiles were excised due to poor calibration solution quality and/or unreliable dipole elements. For all observations, the weightings applied to each tile to form the tiedarray beam are then determined by minimizing the χ 2 error between the target data and a sky model based on the calibrator solutions. The recorded voltages were 4 https://www.pawsey.org.au/ de-dispersed and subdivided into single-pulse archives using dspsr.
Flux density calibration
Flux density calibration was realized using the method described by Meyers et al. (2017) , which we briefly summarize below. The flux density estimation is carried out by simulating the tied-array beam pattern and combining it with the tile beam model (Sutinjo et al. 2015; Sokolowski et al. 2017) , thereby allowing the gain (G) and system temperature (T sys ) to be calculated. This involves integrating over the tied-array beam pattern (to determine the gain) and then over the product of the tied-array and tile beam patterns with a given sky temperature map (to determine the sky temperature). We elected to use the Global Sky Model of de Oliveira-Costa et al. (2008), evaluated at 154.24 MHz, as our sky temperature map. The simulations assume that the tied-array beamforming process is ideal and that we should see an increase in S/N by a factor of √ N tiles , as previously explained. However, in general, the theoretical improvement is not achieved due to a combination of factors including calibration quality, the beamforming process, and the beam models employed. At the time of the bright-state detection with UTMOST, we achieved ≈ 60% of the theoretical improvement. Using the estimated gain and system temperature, and taking into account the above considerations (see equation 2 of Meyers et al. 2017) , the SEFD during the bright state observation was ∼ 3300 Jy.
RESULTS AND DISCUSSION
Throughout this Section, we focus on the simultaneous bright-state detection on MJD 57999 (2017 September 3), unless otherwise noted in the text.
Pulse finding and cross-matching
We used the psrchive van Straten et al. 2012 ) software suite to process the single-pulse archives produced by dspsr. Radio-frequency interference (RFI) was mitigated using the paz routine by utilizing the built-in median-smoothed difference algorithm. For the MWA, we also excised the edge channels of each of the 24 coarse channels to mitigate the effects of aliasing introduced by the channelization process. We then summed the archives for every pulsar rotation in polarization and frequency to create a time series of each rotation, ensuring they were re-binned to the same time resolution (256 bins, or ∆t ≈ 987 µs). To find individual pulses in these time series, we used the psrspa routine with a detection threshold of 6σ on the overlapping time when the pulsar was active for both telescopes, which corresponds to ∼ 1344 s. The signal-to-noise ratio thresholds were then converted into flux density limits using the radiometer equation,
where σ ν is the 1σ noise measured in Jy at frequency ν, n p is the number of polarizations sampled, t int is the integration time (in this case, because we are applying this to the measured S/N of each time sample in the time series, t int = ∆t ≈ 987 µs), and ∆ν is the bandwidth. A special consideration needs to be made for UT-MOST, given that it only samples a single polarization (n p = 1). For polarized sources, depending on the degree of polarization, this means that the measured flux densities can be significantly inflated or reduced. PSR J1107-5907 is a moderately polarized pulsar, and from archival Parkes data at 3.1 GHz (a subset of that used by Young et al. 2014 ) the bright-state emission circular polarization fraction is V /I ≈ −0.1. This means that UTMOST flux densities need to be scaled by a factor of 0.9 for the analysis herein (see Appendix A for details on computing the scaling factor). Additionally, due to the bandpass shape and RFI excision at UTMOST, the estimated S/N for pulses is underestimated by ∼ 25%, thus we apply another scaling factor of 1.25 to correct for this when converting to flux density units. Bandwidth considerations need to also be made for the MWA data, given that 10 of the 128 fine channels (each 10 kHz wide) are zero-weighted on each side of all coarse channels to avoid aliasing effects. This culminates in reducing our effective bandwidth to ∼ 70% of the full 30.72 MHz, ergo the MWA flux densities are scaled by a factor of (0.7) −1/2 ≈ 1.2 to correct for this. Taking into account the above considerations, the nominal flux density limits are then 6σ 154 ≈ 97 Jy and 6σ 835 ≈ 4.6 Jy for the MWA and UTMOST, respectively.
After the automated pulse finding (using data that had been processed with an updated ephemeris; see Section 3.2), each candidate pulse was visually inspected to ensure the validity of the detection, resulting in the identification and subsequent removal of 1 MWA and 17 UT-MOST spurious events that were narrowband and likely RFI. In total, 86 pulses were detected at the MWA, and 283 with UTMOST above the 6σ level 5 . We created a catalog of these detections for each telescope and crossmatched them based on their assigned "pulse number" using the STILTS software package . The pulse number is computed as the number of rotations since some arbitrary time (for us, MJD 53089.00000), which is defined in the pulsar ephemeris. Thus, the same rotation of the pulsar can be compared at each telescope. After accounting for the dispersive delay between the telescopes, 51 pulses were simultaneously detected with the MWA and UTMOST, i.e. a match rate (based on the MWA population) of 60%.
The same processing steps were applied to the other three simultaneous observations (MJD 57970, 57995, and 57997 in Table 1 ) when UTMOST detected single pulses from PSR J1107-5907 while it was in its weak state. In total, five single pulses were detected over those three separate observations. For one of the two single pulses detected at UTMOST on MJD 57970 (2017 August 5), there was a marginal simultaneous single-pulse detection from the MWA. This single-pulse was detected in the UTMOST observation with S/N ∼ 14, and was consequently detected (with a S/N 5) by eye when looking at the corresponding pulsar rotation number in the MWA data. There were no other coincident detections of weak state single pulses with the MWA.
Dispersion measure
Propagation effects imposed on pulsar signals by the interstellar medium (ISM) are much stronger at low radio frequencies (e.g. dispersive delays scale as ν −2 ). To that end, measurements of the dispersion measure (DM) of a pulsar from even a single observation at low frequency can often be equally, if not more, precise compared to that obtainable using months of timing data at higher frequencies from larger telescopes. These refinements are important for understanding the ISM along the line of sight to the pulsar and for pulsar timing experiments at higher frequencies (e.g. Pennucci et al. 2014; Lam et al. 2015; Lentati et al. 2017) , where any errors in the DM, due to the frequency lever-arm or time variability, are not obvious from single observations.
We averaged together single pulses above a detection significance of 6σ, using the cataloged dispersion measure (40.2 ± 1.1 pc cm −3 ; Young et al. 2014 ). There was significant residual frequency-dependent delay of the arrival of pulses in the MWA data, corresponding to an excess time delay across the observed 30.72 MHz bandwidth of ≈ 39 ms, which is ∼ 15% of the pulse period (see Figure 1a) . The delay in the MWA band is dispersive, exhibiting the classical quadratic sweep, which is expected for an offset from the true DM.
To determine a more precise DM, we made use of the psrchive routine pdmp on the MWA data, which calculated the optimal DM to be 40.75 ± 0.02 pc cm inal and cataloged value, DM cat = 40.2 ± 1.1 pc cm −3 , a correction of δDM = 0.55 pc cm −3 is indeed significant, as is the factor of ∼ 50 improvement in precision. This DM offset introduces a delay across the UTMOST bandwidth of ∼ 1/4 of a time sample (∼ 0.25 ms), and hence it was not discernible from the UTMOST data (see Figure 1) . The revised DM results in a delay between the top of the UTMOST band and bottom of the MWA band of approximately 8532 ms (see Table 2 ).
We note that, while this level of precision in DM is impressive from a single observation, we are only using the brightest pulses from the ∼ 20 minutes of data containing the bright state and do not account for any potential profile evolution, nor the possibility of a frequency-dependent (chromatic) DM (Cordes et al. 2016; Shannon & Cordes 2017) . Nonetheless, for our purposes, the updated DM produces higher signal-tonoise ratios for both the profiles and single pulses, and aligns the profiles in phase without any other alteration to the ephemeris used.
Pulse profile
After determining the DM offset, we applied the correction and re-processed the bright-state data, again conducting a single-pulse search as described in Section 3.1. Combining only those pulses with a detection significance ≥ 6σ, as defined by the psrspa singlepulse finding algorithm from psrchive (86 pulses for the MWA, 283 pulses for UTMOST), we form a "pseudointegrated" profile 6 (see Figure 2) . This highlights the emission across a large portion of pulse longitude, hence Figure 2 is split into three phase regions, where we label these regions (left to right) with their corresponding profile component from Young et al. (2014) : the "main pulse" (MP), "postcursor" (PC), and "precursor" (PR).
Even with the caveat that only a limited number of pulses contributed to these profiles, it is clear that there are some differences between the two frequencies. In particular, the PR component appears brighter, wider, and shifted at 154 MHz with respect to the 835 MHz profile. At MWA frequencies, the PR component appears as a gradual rise from a phase of ∼ 0.6 with a sudden cutoff around 0.9, whereas the equivalent UTMOST component only appears between ∼ 0.8-1 in phase and is smoother overall. Single pulses in the PC phase regions are recorded at both telescopes, but there was one exceptionally bright pulse in the MWA data (S/N ∼ 150) that dominates in this case, whereas the PC single pulses from UTMOST were typically quite weak (see Figure 3) . This bright pulse acts as an alignment anchor, indicating that the profile alignment is real and thus the differences in the profile features must be due to the emission mech- 6 We note that this includes those UTMOST pulses that are nominally less than the 6σ flux density limit, which is ultimately due to the different ways in which the noise was estimated during single-pulse detections (automated off-pulse estimation) versus flux calibration (sigma-clipping). 
Normalised amplitude
Signal-to-noise ratio Figure 2 . A pseudo-integrated profile created by averaging all pulses with S/N > 6 of J1107-5907 from each telescope from the 2017 September 3 detections (86 from the MWA, 283 from UTMOST). The profile is split into three regions, corresponding to the components within, which have been labelled based on the classifications made by Young et al. (2014) . It appears that the postcursor (PC) and precursor (PR) components are more prominent at lower frequencies. The PR emission is also shifted and has a significant rise time at low frequencies.
anism(s) and/or magnetospheric propagation effects at play.
Spectral index
From the individually matched pulses (51 in total), we calculated the spectral index distributions for the MP and PR components using their measured fluences. For the MP component, the mean spectral index is relatively typical of the normal pulsar population, with α MP = −1.85 ± 0.08 and a standard deviation of 0.50. The mean spectral index of the PR component is steeper than typical with α PR = −2.21 ± 0.10 and has a narrower distribution with a standard deviation of 0.35 (see Figure 4) . The only pulse in the PC phase region with a counterpart (see Figure 3) has an extreme spectral index of α PC ≈ −3.5. We note that, given our definition of fluence, we are often summing over multiple components within the specified MP and/or PR windows (e.g. pulse Signal-to-noise ratio Figure 3 . A relatively weak PC-component pulse detected by UTMOST (top) with a peak flux density of ≈ 7 Jy, which is exceptionally bright at MWA frequencies (bottom), with a peak flux density of ≈ 2.5 kJy. The grey-shaded region indicates the ±1σ noise level. This pulse occurred 3415 rotations after the first simultaneously observed pulsar rotation. Figure 6 ), which can act to bias the measured spectral index. The spectral index distribution for the MP component is generally within the normal pulsar population spectral index distribution, which has a mean of α = −1.6 ± 0.03 and a standard deviation of σ = 0.5 (Jankowski et al. 2018 ; see also Maron et al. 2000; Bates et al. 2013) , as indicated by the shaded regions in Figure 4 . The steepness of the PR component spectral index could explain the disparity between the number of pulses detected in each phase range (see Section 3.6), where the PR component will become brighter at lower frequencies faster than the MP component, thus somewhat equalizing our MP-to-PR ratio measured with the MWA. However, scaling the detected MWA pulses in the PR phase range with the measured spectral index to the expected flux density at 835.59 MHz, we find that only eight of the 43 pulses fall below the nominal UTMOST flux density limit. Thus, there must be some other contributing factor as to why some of these pulses are detected at the lower, but not the higher, frequencies. Probability density α = −1.6, σ = 0.5 Figure 4 . Spectral indices between the MWA (154.24 MHz) and UTMOST (835.59 MHz) for cross-matched pulses, separated by component. The typical spectral index range (i.e. a mean of α = −1.6 and standard deviation of σ = 0.5) for pulsars, as determined by Jankowski et al. (2018) , is shaded in the background to provide context. The Gaussian fits are only indicative, given the small number of pulses contributing to each of the distributions (39 and 11 for the MP and PR components, respectively), but identify the mean spectral indices to be αMP = −1.85±0.08 and αPR = −2.21±0.10 for the MP and PR components, respectively.
in
Based on a radius-to-frequency mapping argument, it is possible that, at low frequencies, the magnetospheric region producing the PR emission is actually distinct from, and possibly more active than, the higher frequency emission region. The separate emission regions would therefore also experience different propagation paths through the magnetosphere along the line of sight, which could also act to suppress the higher-frequency emission in this region.
Pulse energy distributions
Characterizing the pulse energy or amplitude distribution of a pulsar is useful in understanding the pulse emission process. The pulse energy distributions of individual pulsars vary substantially, but are typically seen to be a log-normal (LN) or exponential distribution (e.g. Burke-Spolaor et al. 2012) , or a power law (PL) in the case of giant pulses (e.g. Bhat et al. 2008; Mickaliger et al. 2012; Meyers et al. 2017) . Few studies of this kind have been done for intermittent pulsars in general (e.g. Sobey et al. 2015) . Here, we attempt to characterize the pulse energy distributions of the MP and PR components (see Figure 2 ) from the MWA and UTMOST.
The pulse energy distribution of PSR J1107-5907 is hard to assess, given its intermittent nature, but there are a handful of examples where estimates have been made. Burke-Spolaor et al. (2012) attempted to estimate the Gaussian and LN distribution parameters for a weak state detection of one pulse, so the results are not statistically significant. Young et al. (2014) , who have the largest sample of pulses from PSR J1107-5907 in all emission states in the literature, report that a PL distribution is the most appropriate fit during the bright state , while the weak state is better parametrized by a LN distribution. However, the authors use the term "pulse energy" interchangeably with pulse intensity (i.e. flux density or amplitude), thus it is unclear whether we can directly compare distribution parameters. In any case, a LN model was not fit to the data, so we cannot compare those distribution parameters. Mickaliger et al. (2018) , through reprocessing of PMPS archival data, also redetect PSR J1107-5907 in a single-pulse search in the weak state. The data did not provide sufficient statistical power to discriminate between the trial distributions (PL, LN and exponentially truncated power law (TPL)), which is to be expected given the small number of detections (18 out of 8300 rotations).
We define the pulse energy (or "fluence") as the integrated flux density over the emission component window above the baseline fluctuations. During the integration, the baseline noise was estimated independently for each pulsar rotation using the sigma-clipping method. In our case, we integrate over each of the three phase regions defined previously for every pulsar rotation, regardless of whether there was a pulse detected, and take that as an estimate of the component fluence for that rotation. We normalize our pulse energies by dividing each measurement by the average energy, F , for each of the pulse components over the ∼ 5300 rotations (see top row of Figure 5 ). The Python powerlaw 7 module (Alstott et al. 2014 ) was used to fit distributions typi-cally tested in the literature: a PL, LN, and TPL. We also limited ourselves to only fit pulses with a normalized fluence F ≥ 4 F , which we note is a somewhat arbitrary choice. In general, the powerlaw package can compute the appropriate cutoff by minimizing the Kolmogorov-Smirnov distance, but in this case, because we are so heavily dominated by the "noise," the automatic estimation fails-so we elected to ensure that only real pulses are being included by setting a relatively conservative limit. The respective non-normalized probability density forms of these distributions are given in equations (2), (3), and (4) below:
To determine which of the distributions best parametrizes our data, we compare the log-likelihood ratios (R), initially with respect to a PL, and the corresponding significance (p-values), which are calculated as part of the fitting procedure. In this case, negative values of R favor the opposing model (i.e. not the PL). Parameters for the best-fitting distributions of each kind are given in Table 3 , along with their associated R and p-values with respect to a PL. The best fits are shown in the middle and bottom rows of Figure 5 .
For the MP component, a LN distribution is favored for the UTMOST data (R = −13.3), while either a LN or TPL are statistically plausible for the MWA data. To better determine which distribution is favored for the MWA overall, we compared the R and p-values of a TPL with respect to a LN distribution, which indicated that the LN distribution may be a better fit (R = 0.1), but the significance (p = 0.9) is inconclusive.
We conducted the same fitting procedures for the PR component data and found that we cannot significantly discern which trialled model provides the best fit for either telescopes . The fits to the MWA data slightly favor a LN or TPL distribution based on their R values, however, we cannot statistically reject the PL based on the respective p-values. As found for the MP component, a LN model is favored over a TPL (R = 0.02), however the p-value here is also inconclusive (p = 0.6). For the UTMOST data, given there are only six data points, caution must be taken when interpreting the results, but the log-likelihood ratios tend to favor a LN distribution in all cases, including when compared to a TPL.
From a global perspective, it appears that a simple PL distribution is not appropriate for our data, with the caveat that we are limited by small number statistics.
Assuming that the pulse energy distribution does not change "type" as a function of frequency or component, we tend to favor a LN distribution for the MP and PR pulse energies. In this respect, PSR J1107-5907 is like most normal pulsars (e.g. Burke-Spolaor et al. 2012 ).
Single pulses and nulls
As with most long-period pulsars, there is wide variation in the pulse-to-pulse structure and intensities from PSR J1107-5907 (see Figure 6 ). This behavior is present at both frequencies. Specifically, counterparts are not always seen for all bright pulses, even to the level of individual pulse components. There are examples of emission within both the MP and PR locations at one frequency but not necessarily at the other (e.g. the first column in Figure 6 ).
Within each of the emission regions, the number of pulses detected are also different. The MWA detected 40 pulses in the MP phase region and 43 pulses in the PR region (a 1:1 ratio), whereas UTMOST detected 241 and 38 in the MP and PR regions, respectively (a 6:1 ratio). With additional detections, it would be possible to (statistically) probe this aspect of the pulse-to-pulse variation and intermittency.
The median number of rotations between detected pulses is 31 ± 6 and 9 ± 1 pulsar rotations for the MWA and UTMOST, respectively. These could be considered apparent nulls, though in this case a null is simply defined as a 6σ single pulse event. In reality, there are weaker pulses visible in the time series of both telescopes, ao the numbers we present here should be considered only as upper limits.
In addition to the above, it appears that the pulsar enters its bright state earlier at UTMOST frequencies, and also finishes later than emission at MWA frequencies. There are four MP pulses, one PC pulse, and one PR pulse detected by UTMOST before the first MWA pulse in the respective phase regions. The first MWA pulse in any phase window arrives 14 pulsar rotations (∼ 3.5 s) after the first UTMOST pulse. Additionally, there are three MP pulses and two PR pulses detected by UTMOST after the last MWA pulse in the respective phase windows. The last UTMOST pulse from any phase window arrives 53 pulsar rotations (∼ 13.4 s) after the final MWA pulse.
Scaling the peak flux densities of these UTMOST pulses to MWA frequencies, with their corresponding component spectral index (see Section 3.4), and comparing to the nominal flux density threshold placed on the MWA single pulse detection process, we expected to see at least five of the 11 UTMOST single pulses (the weaker pulses could feasibly have fallen below the The top row shows the number of pulses above a given normalized energy. The middle and bottom rows show the distribution for those pulses in the MP and PR phase regions, respectively, with normalized fluences F ≥ 4 F (indicated by the vertical dashed line in the top row). The best-fit models are also drawn (see Table 3 ), though the PR component from UTMOST is not well constrained given only six data points. For the middle and bottom rows, the ordinate is scaled to represent the fraction of pulses above a given normalized energy, i.e. the survival function, Pr(X ≥ x). Signal-to-noise ratio Figure 6 . Examples of coincident single pulses between UTMOST (top) and the MWA (bottom). There is a wide variety of pulse shapes and intensities, including instances where entire components are apparently missing at one frequency (e.g. the right-most column of pulses shown here). These examples also imply that the spectral index is varying from pulse-to-pulse and between components substantially, which is not unexpected. The gray-shaded region indicates the ±1σ noise level. Each pulse is titled with its pulse number, corresponding to the number of rotations since the first simultaneous MWA and UTMOST rotation. MWA's flux density threshold). This then suggests that, while the intermittency properties are roughly broadband, the details of the sporadic emission are different at widely spaced frequencies, where in this case we observed a handful of bright single pulses before and after that nominal bright state has begun/ended at the other frequency.
Pulse rates and intermittency
In 5319 rotations of the pulsar, we detected 86 and 283 pulses from the MWA and UTMOST, respectively, corresponding to overall pulse rates of 0.06 s −1 and 0.21 s −1 . In general, we see that the number of PC and PR components detected at each telescope is similar, but the number of pulses arriving in the MP window are far fewer at MWA frequencies, regardless of the steep measured spectral index. For a component-wise split and summary, see Table 4 .
We conducted nine simultaneous observations over the course of six months (excluding MJD 57865) using the MWA in conjunction with UTMOST and detected PSR J1107-5907 in the bright state only once. While we are limited by small number statistics (in terms of both attempts and detections), this indicates that at MWA frequencies, the duty cycle of bright-state emission from PSR J1107-5907 is δ ∼ 11%. Additional observations (and detections) will be required to further constrain this number, but in general it seems to roughly agree with the few estimates available in the literature, i.e. δ ∼ 5-8% (Young et al. 2014; Hobbs et al. 2016) .
In addition to the contemporaneous observations with the MWA, we examined archival UTMOST data taken since mid-2015 for examples of both bright-state and single pulse detections (the "weak" state). Of 148 observations (including those simultaneous with the MWA), ranging in length from ∼ 100-3600 s and spanning ∼ 1200 days (see Figure 7) , there were only five brightstate detections. The sensitivity of UTMOST has varied drastically in time due to hardware maintenance and upgrades, as well as the reconfiguration into a transitonly telescope (starting around 2017 May, lasting ∼ 2 months). Thus, the SEFD of the instrument is also included in Figure 7 as a sensitivity indicator. The brightstate duty cycle from UTMOST detections is δ ∼ 3.4%, which is slightly lower than previously reported.
We can also calculate a duty cycle based on the duration of time PSR J1107-5907 for which was detected in the bright state with respect to the total observing time (e.g. Young et al. 2012 Young et al. , 2014 8 . The bright state duty cycle evaluated in this way is δ ∼ 2.2%, again lower than previous estimates. This estimate comes with the caveat that, for three of the five detections, the brightstate pulse train was not fully sampled (i.e. observations started after the bright state had already begun, or finished before it ended), so there is a bias toward a smaller duty cycle.
In the remaining observations, there were a total of 19 possible single-pulse detections, but only five of these proved to be significant (one of which is the single pulse we simultaneously detected on 2017 August 5). The pulsar emits in the weak state much more frequently than the bright state, so we believe that we are sensitivitylimited for both telescopes, and only capture the brightest pulses of the weak-state emission.
Rotation measure
The degree of Faraday rotation the radio emission from a source experiences when traversing the ISM is quantified by the rotation measure (RM). Typically, the RM is estimated by measuring the change in the polarization position angle across the observed bandwidth (e.g. Noutsos et al. 2008; Han et al. 2018 ) and thus requires the detector to measure the radiation polarization properties. While the UTMOST detects only right-hand circular polarization, the MWA is capable of producing fully polarimetric (Stokes I, Q, U and V ) data (S. Ord et al. submitted) . Currently, the polarization response is undergoing self-consistency tests (M. Xue et al. submitted) and cross-validation (S. Tremblay et al. in prep .) that will be described in forthcoming publications, hence we do not provide a polarization profile. However, because RM estimates do not rely on absolute polarimetric calibration, we do provide an estimate of the RM for PSR J1107-5907 from the MWA data. Performing RM synthesis (Brentjens & de Bruyn 2005) on the 6σ pseudo-integrated profile (Figure 2 ) produces RM obs = 23.85 ± 0.08 rad m −2 . The ionospheric RM contribution was calculated to be RM ion ≈ (Young et al. 2014 ), which does not account for ionospheric contributions. In order to comment further, we would require additional observations of PSR J1107-5907 in the bright state in order to obtain a better integrated profile and average over ionospheric effects in order to minimize their contribution to the uncertainties.
LOW-FREQUENCY DETECTION PROSPECTS
With the next generation of radio telescopes on the horizon, there will soon be new opportunities for pulsar searches. In particular, precursor instruments such as the MWA can be used to gain valuable insights into what can be expected in terms of survey yields (e.g. Xue et al. 2017) . Furthermore, studying the frequency evolution of pulsar profiles down to the single pulse level is imperative to correctly measuring the pulse-to-pulse energetics, such as the spectral index.
The intermittency of PSR J1107-5907 is broadband, in that the pulsar switches between bright and weak states contemporaneously (see also Section 3.6), over frequencies separated by at least a factor of five. The bright-state duty cycle is comparable across frequencies, with δ ∼ 2-11% corresponding to approximate interburst (or "off") timescales of a few hours, and the bright-state duration is between one and 45 minutes. PSR J1107-5907 exhibits a relatively rare combination of bright emission, a moderate DM, and relatively active state-switching. Therefore, this pulsar serves as an interesting link between nulling, RRATs, and stateswitching (intermittent) pulsars. For instance, its interburst timescale is similar to some RRAT burst-rates 10 ; moreover, it also nulls during its bright emission state. Young et al. (2014) showed that, if the pulsar were a factor of ∼ 4 farther from Earth, it could be detected as a RRAT when in its weak mode, while the bright state could always be detected in both single-pulses and the average profiles (at 20 cm). We cannot comment on the weak-mode emission; however, if we increased the noise in the MWA data by a factor of ∼ 16, which artificially replicates moving the pulsar to be ∼ 4 times as distant, then our combined pulse rate drops to ∼ 19 hr −1 , similar to many RRATs. Furthermore, the steep spectral index and the extent of emission in longitude ( 180 Figure 2 ) argues in favor of the low-frequency detectability of pulsars similar to PSR J1107-5907.
In particular, planned pulsar and fast-transient searches using instruments such as the MWA and SKALow are in an advantageous position to find more such sources. The large field of view and the ability to regularly return to observing fields offer better prospects in detecting (and monitoring) objects like this. As an example, detection of super-bright bursts, like that observed with the MWA in this work (Figure 3 ) with a peak flux density of ∼ 2.5 kJy, imply that conventional single-pulse search and transient search pipelines would be capable of detecting these objects. While more sensitive telescopes at higher frequencies (e.g. Parkes, MeerKAT) may reveal the subtler features in the underlying emission, particularly in the apparent "off" emission states, the initial discoveries and identification of spectrally steep components will likely be made by these low-frequency wide field telescopes (e.g. Sobey et al. 2015) .
SUMMARY AND CONCLUSIONS
The simultaneous detection of PSR J1107-5907 in its bright emission state with the MWA (154.25 MHz) and UTMOST (835.59 MHz) on 2017 September 3 marks the first low-frequency detection of this object. Our detections allowed a measurement of the spectral index, which for the main pulse component is relatively typical of the average pulsar population, where α MP = −1.85 ± 0.08, whilst the so-called precursor component is steeper than average, with α PR = −2.21 ± 0.10. We also characterized the fluence distributions of two prominent profile components (MP and PR), and contrary to previous results (which indicated a power law distribution), find that a log-normal distribution is the most appropriate fit for both the MWA and UTMOST data.
In addition to properties relating to the emission physics, the MWA also provides an excellent opportunity to study the effects of the ISM. We measured the DM of PSR J1107-5907 and found that it required a correction to the cataloged DM (40.2 ± 1.1 pc cm −3 ; Lorimer et al. 2006 ) of δDM = 0.55 pc cm −3 . Our improved value (DM = 40.75 ± 0.02 pc cm −3 ) is consistent with the previous estimate within uncertainties, but is ∼ 50× more precise. We also used the MWA data to estimate the RM of this pulsar, measuring RM ISM = 25.95 ± 0.28 rad m −2 (after subtracting the ionospheric contribution), which is also consistent with-and about an order of magnitude more precise than-the previously published value (23 ± 3 rad m −2 ; Young et al. 2014 ). Further observations of this pulsar, particularly with the MWA, will help to better constrain the DM and RM, in addition to the pulse profiles.
The next generation of wide-field, wide-bandwidth radio telescopes and their pulsar search surveys are on the horizon. Detection and characterization of objects like PSR J1107-5907 over a wide frequency range is fundamentally important to developing a comprehensive understanding of the Galactic pulsar population, and more broadly the Galactic neutron star population. For the complex electric field vector ε, the total intensity (Stokes I) can be described as I = ε 2 L + ε 2 R , where ε L and ε R are the left-and right-hand circularly polarized voltages induced in orthogonally polarized receptors. It is clear then that a detector sensitive to only one polarization will detect 50% of the total intensity from an unpolarized source (where ε L and ε R are equal but completely out of phase).
The measured SEFD for UTMOST is calibrated to nominally unpolarized pulsars, so the quoted SEFD of 120 Jy implicitly corrects for the fact that the instrument only detects half of the total flux density. In the case where the target source is polarized, we must also correct for the polarized component of the total flux density. PSR J1107-5907 is slightly circularly polarized with V /I = −0.1, which indicates that ε 2 R > ε 2 L (by the PSR/IEEE standard, Stokes V is positive for left-hand circularly polarized radiation; see van Straten et al. (2010) ). UTMOST is therefore detecting 50% of the unpolarized flux density (i.e. 45% of the total power) and 100% of the polarized flux density (i.e. 10% of the total power). Due to the SEFD implicitly correcting by a factor of 2 (i.e. accounting for the fact that only 50% of the unpolarized flux density is detected), the measured UTMOST flux densities for PSR J1107-5907 will be overestimated (i.e. 2 × (45% + 10%) = 110% of the total flux density). We therefore must correct the UTMOST flux densities by a factor of ζ = 1/1.1 ≈ 0.9.
